Consumer awareness about the damages that plastic packaging waste cause to the environment, coupled with bio-economy and circular economy policies, are pushing plastic packaging versus the use of bio-based and biodegradable materials. In this contest, even cosmetic packaging is looking for sustainable solutions, and research is focusing on modifying bio-based and biodegradable polymers to meet the challenging requirements for cosmetic preservation, while maintaining sustainability and biodegradability. Several bio-based and biodegradable polymers such as poly(lactic acid), polyhydroxyalkanoates, polysaccharides, etc., are available, and some first solutions for both rigid and flexible packaging are already present on the market, while many others are under study and optimization. A fruitful cooperation among researchers and industries will drive the cosmetic sector toward being more ecological and contributing to save our environment.
Introduction

The Bio and Circular Economy Approach in the Current Waste Management
The worldwide diffused concerns for climate change, land and ecosystem degradation, coupled with the growing world population, drive towards innovative and sustainable production pathways and conscious ways of consumption, which respect the ecological boundaries of our planet. Bio-economy approach merges these feelings and promotes innovation for industries towards sustainable production of eco-compatible products. At present, the European bio-economy sector is worth €2 trillion in annual turnover, and accounts for 22 million jobs in the EU, i.e., 9% of the EU's workforce [1] .
Over the past 50 years, the role and importance of plastics in our economy have consistently grown. According to International Union of Pure and Applied Chemistry (IUPAC) definition, a bio-based polymer or bioplastics is derived from biomass or produced from biomass derivatives. In Europe, the bioplastic market is expected to increase by over 30% in 2030. Global production of plastics has increased twentyfold since the 1960s, reaching 322 million tons in 2015. It is expected to double again over the next 20 years. In the EU, the plastics sector employs 1.5 million employees and generated a turnover of EUR 340 billion in 2015 [2] .
In spite the large use of plastic items, the reuse and recycling of end-of-life plastics is very low, particularly compared to other materials such as paper, glass, or metals. Around 25.8 million tons of plastic waste is generated in Europe every year, as detailed in Table 1 .
Less than 30% of such waste is collected for recycling. Of this amount, a significant share leaves the EU to be treated in third countries, where different environmental standards may apply. At the same time, landfilling and incineration rates of plastic waste remain high, 31% and 39%, respectively, and, while landfill has decreased over the past decade, incineration has grown. According to estimates, 95% of the value of plastic packaging material, i.e., between EUR 70 and 105 billion annually, is lost to the economy after a very short first-use cycle. According to the Ellen MacArthur Foundation circular economy is "restorative and regenerative by design, which aims to keep products, components and materials at their highest utility and value at all times, distinguishing between technical and biological cycles" [1] .
Even the materials used for packaging should address the circular economy policy, and in particular bioplastic-based polymers that differ from the "make, use, dispose" approach in favor of a more circular model based on "reuse, recycle or biodegrade".
In the specific case of cosmetic packaging, re-use is rarely applied, even chemical and mechanical recycling is not easily feasible due to difficulties in post use packaging collections, and due to packaging being often strongly contaminated by residues from the greasy and creamy cosmetic product, hard to remove by washing. In this contest, the use of compostable packaging would be very beneficial for the environment, allowing for the collection of the post use packaging in the green bins.
Regarding waste management, we can consider that currently packaging is made essentially with petrochemical plastics and can be distinguished in rigid packaging and flexible packaging.
The rigid packaging generally consists of bottles, or pots and caps. The most used polymers are High density poly(ethylene) (HDPE); poly(propylene) (PP), non-transparent packages; and poly(ethylene terephthalate) (PET), transparent packages. This rigid packaging fraction is generally recovered from waste and separated from other plastics. In several countries, the fractions consisting of HDPE and PP, and PET, are obtained. The packages are then transformed into scraps, washed, and then used to produce recycled products. The recycling can be defined a "downcycling", as the material's properties tend to decrease after each processing cycle [3] . Flexible packaging, currently made with Low Density Poly(ethylene), PP, and PET, can consist of a single material or of a multilayer system. Multilayer packages, used for their high barrier properties, consist often not only of plastic, but also of aluminum and paper. The packages belonging to this class are usually lighter than rigid packaging items, and the weight fraction of plastic is thus lower. The percentage of contaminants consisting of residual liquid or cream products affects the recovery of single materials. Hence, this fraction is usually managed by incineration. This life cycle is thus less sustainable than that of rigid packages, and more sustainable options should be considered. In the future, if bioplastics will be used in cosmetic packaging, the scenario could be different. In fact, rigid packaging will be recycled, but after some life cycles, the material can be composted. As composting is now assimilated to recycling [4] , the perspectives will improve with respect to the current scenario (Figure 1 ). Flexible packaging can be composted as well. The possibility of composting cosmetic packages can be affected by the presence of residual products since the presence of detergents or preservatives can be detrimental for the compost bacteria and microorganism activity, which can be limited or disabled due to the presence of such substances [5, 6] . Hence, cosmetic and detergent formulations should be based on biodegradable substances, with lower content of preservatives, or at least only those not detrimental for the successive composting should be used [7, 8] .
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Sustainable Cosmetic Market
The global cosmetics market, already $460 billion in 2014, is still growing, and is expected to reach $675 billion in 2020, thus showing a 6.4% growth rate per year [9] .
There is an evident, strong trend towards the use of sustainably produced raw materials in the cosmetics field, mainly as active ingredients in formulations.
Sustainably produced raw materials are being introduced into the cosmetics field not only as ingredients for cosmetics but also as components of the packaging materials. Indeed, cosmetics marketing stresses that the use of green, possibly compostable or biodegradable packaging is an added value to the cosmetics product, since it witnesses customers' and producers' environmental attitude and care.
Accordingly, there are annual events such as the Sustainable Cosmetics Summit [10] , which promote the use of sustainably produced raw materials in the cosmetics field. Even big companies are tracing and measuring the sustainability of the ingredients used in their cosmetics. In addition, many cosmetics companies are spreading marketing messages on the use of sustainable and responsible packaging for their products. However, biodegradable jars or bottles have not yet been clearly introduced into the market.
Plastic for Packaging of Cosmetics
Cosmetic products are highly valuable but easily perishable materials. It is therefore important to consider that preserving a packaged product depends on the characteristics of the packaging material and on the proper conditions of packaging, transport, storage, and distribution [11] . The increase in bio-based content and compostability in both cosmetics and their packaging, and the correct design for end of life approach of both, are fundamental goals that should be fulfilled for improving the full sustainability of the cosmetic sector.
Sustainable Cosmetic Market
Plastic for Packaging of Cosmetics
Cosmetic products are highly valuable but easily perishable materials. It is therefore important to consider that preserving a packaged product depends on the characteristics of the packaging material and on the proper conditions of packaging, transport, storage, and distribution [11] .
Plastics have become a main material for packaging since they exhibit many desirable properties such as transparency, softness, heat seal ability, and good strength-to-weight ratio. Thus, even for cosmetic products, plastics are widely used both as rigid or flexible packaging.
Petrochemical-based plastics, such as PET, poly(vinylchloride) (PVC), PE, PP, poly(styrene) (PS), and poly(amide) (PA) are extensively used in the packaging field, and are applied also for cosmetics packaging, because of their large availability, low cost, good mechanical performance, and heat saleability. In addition, these materials are good barriers to oxygen, carbon dioxide, anhydride, and aroma compounds.
Rigid bioplastics are currently available for packaging of creams, lipsticks, etc. Renewable materials such as Poly(lactic acid) (PLA), bio-PE, or bio-PET are mainly used. However, the market and the specific cosmetics field require not only bio-based and biodegradable or recyclable materials, but also bioplastics having improved functionalities targeted at the specific applications. Indeed, special requirements are necessary for cosmetics packaging, due to the intrinsic instability of cosmetic products that can be somewhat compared to food products [11] . Indeed, packaging must be able to preserve the properties of a cosmetic or personal care product, avoiding deterioration before the expiration date, and protecting products from microbial contamination.
Therefore, barriers to oxygen, water, ultra-violet (UV), and migration of substances from the packaging to the cosmetic (or from the cosmetic to the packaging), are very important parameters.
Additives that enhance UV light protection are specifically added in the case of transparent packaging, to avoid product alteration due to photoactivated processes. Other additives, such as dyes and pigments, can be added to improve the aesthetic properties of packaging. Moreover, additives that facilitate processing operations (processing aids), or anti-oxidants, are generally present in plastic materials.
Plasticizers are also added to plastic materials to make them more ductile. With respect to other additives, their content is higher (10-20% of material weight), and thus the possible release into the cosmetic product during product storage can be relevant. On the other hand, oxygen and water vapor from the environment can diffuse through the packaging. Packaging materials must be selected while considering their barrier to different classes of compounds that can migrate from the product to the packaging or from the packaging to the cosmetic product. Migrations from the container to the product can alter product formulation, eventually affecting its effectiveness. Migration from product to container can alter the container's properties, affecting its resistance and durability. The study of materials' release properties, adopting standardized tests is thus fundamental.
Recently in many research studies nano-particles have been added to plastic materials to increase their barrier properties. In particular, the dispersion of phyllosilicates into polymer or blends at a nanometer scale [12] improves gas barrier properties, mainly due to the strong effect of confinement resulting from the high surface/volume ratio (i.e., reducing chain mobility and permeability [13] , as well as to the enhancement of the path's tortuosity [14] required for small molecules to permeate through a polymer film due to the presence of silicate lamellae). These studies on nanocomposites having petrochemical polymers as matrices, are however still ongoing and were also recently translated to bioplastic nanocomposites. Moreover, the safety of nano-particles is still under debate and the subject of several European research projects [15] [16] [17] .
Biodegradable Plastic for Cosmetic Packaging
Nowadays there is high and increasing demand for packaging made from bioplastics. Indeed, biodegradable and bio-based polymer matrices will be an added value versus the petrochemical-based polymers that are not bio-recyclable (compostable or biodegradable, following UNI EN ISO 13432) [18] . In this case, however, polymer crystallinity, structural conformation, and molecular weight must be strictly controlled in order to assess polymer degradability [19] .
Poly(lactic Acid)
Poly(lactic acid) (PLA) is at present a largely used bio-based and compostable packing material due to its good processability and biocompatibility. PLA is mainly composed of lactic acid (2-hydroxy propionic acid) and contains a pendent methyl group on the alpha carbon atom, which gives rise to a specific structure [20] . Lactic acid is a three-carbon organic acid: one terminal carbon atom is part of an acid or carboxyl group; the other terminal carbon atom is part of a methyl or hydrocarbon group; and a central carbon atom having an alcohol carbon group attached. It exists in two optically active isomeric forms. One is known as L-lactic acid, and is the biologically important isomer, and the other, its mirror image, is D-lactic acid (Figure 2 ).
PLA is a thermoplastic material that can be processed by injection molding, blow molding, thermoforming, and extrusion [21] . Semi-crystalline PLA is preferred over the amorphous polymer when higher mechanical properties are desired. Semi-crystalline PLA has an approximate tensile modulus of 3 GPa, tensile strength of 50-70 MPa, flexural modulus of 5 GPa, flexural strength of 100 MPa, and an elongation at break of about 4%. PLA is industrially compostable and its degradation is dependent on time, temperature, molecular weight, crystallinity, impurities, and catalyst concentration [22] . PLA films have better ultraviolet light barrier properties than low density poly(ethylene) (LDPE). Commercial PLA is a homopolymer of poly(L-lactic acid) (PLLA) or copolymer of poly(D,L-lactic acid) (PDLLA), produced from L-lactic acid and D,L-lactic acid. The L-isomer constitutes the main fraction of PLA derived from renewable sources since the majority of lactic acid from biological sources exists in this form. propionic acid) and contains a pendent methyl group on the alpha carbon atom, which gives rise to a specific structure [20] . Lactic acid is a three-carbon organic acid: one terminal carbon atom is part of an acid or carboxyl group; the other terminal carbon atom is part of a methyl or hydrocarbon group; and a central carbon atom having an alcohol carbon group attached. It exists in two optically active isomeric forms. One is known as L-lactic acid, and is the biologically important isomer, and the other, its mirror image, is D-lactic acid (Figure 2 ). PLA is a thermoplastic material that can be processed by injection molding, blow molding, thermoforming, and extrusion [21] . Semi-crystalline PLA is preferred over the amorphous polymer when higher mechanical properties are desired. Semi-crystalline PLA has an approximate tensile modulus of 3 GPa, tensile strength of 50-70 MPa, flexural modulus of 5 GPa, flexural strength of 100 MPa, and an elongation at break of about 4%. PLA is industrially compostable and its degradation is dependent on time, temperature, molecular weight, crystallinity, impurities, and catalyst concentration [22] . PLA films have better ultraviolet light barrier properties than low density poly(ethylene) (LDPE). Commercial PLA is a homopolymer of poly(L-lactic acid) (PLLA) or copolymer of poly(D,L-lactic acid) (PDLLA), produced from L-lactic acid and D,L-lactic acid. The Lisomer constitutes the main fraction of PLA derived from renewable sources since the majority of lactic acid from biological sources exists in this form. PLA has four optical enantiomers: PLLA, PDLA, PDLLA (racemic), and meso-PLA. The semicrystalline PLLA is the most widely used. The glass transition temperature of PLLA is 50-60 °C, the crystallization temperature is 90-140 °C, and the melting temperature is 150-180 °C. Compared with common thermoplastics, PLLA has better mechanic properties like tensile strength, but the crystallization rate is extremely slow which limits the application in high temperatures. One of the efficient methods to improve the crystallization behavior of PLLA is adding nucleating agents, which have several advantages: providing more nucleation sites, shortening the induction time for crystallization, and enhancing the tensile strength of polymer. Inorganic particles (like nano-CaCO3, nano-BaSO4 and nano-Ti02) are often used to improve the mechanical properties and lower the cost of polymer materials [23] , but they can also be added in small amounts as nucleating agents to improve the crystallization behavior of polymers [24] [25] [26] .
PLA has good potentialities for use in rigid packaging because of its good rigidity and mechanical resistance. However, the high brittleness can limit its use, hence several strategies have been used for improving PLA toughness, such as the blending with other polyesters, like poly(butylene adipate-co-terephthalate) (PBAT) [27] [28] [29] , behaving like elastomers. In the industrial production of rigid containers usually PLA is processed in the melt and then rapidly cooled below its glass transition temperature. As the crystallization of PLA is slow, final products (such as injection molded or blow molded containers) are essentially amorphous. The increase of temperature above PLA glass transition during the further processing steps (e.g., in the packaging of hot products) or during the use of the material, can enable cold crystallization, resulting in dimension instability and deformation of the items. In addition, an increase in brittleness and change in optical properties can be observed as consequence of crystallinity increase. Thus, the use of proper nucleating agents, allowing increasing the crystallization rate of PLA during the rapid cooling is particularly interesting on a technological point of view. Nucleated PLA results stabilized and its optical and mechanical properties are not modified as a consequence of heating in the temperature range of its glass transition [24] [25] [26] . PLA has four optical enantiomers: PLLA, PDLA, PDLLA (racemic), and meso-PLA. The semi-crystalline PLLA is the most widely used. The glass transition temperature of PLLA is 50-60 • C, the crystallization temperature is 90-140 • C, and the melting temperature is 150-180 • C. Compared with common thermoplastics, PLLA has better mechanic properties like tensile strength, but the crystallization rate is extremely slow which limits the application in high temperatures. One of the efficient methods to improve the crystallization behavior of PLLA is adding nucleating agents, which have several advantages: providing more nucleation sites, shortening the induction time for crystallization, and enhancing the tensile strength of polymer. Inorganic particles (like nano-CaCO 3 , nano-BaSO 4 and nano-Ti0 2 ) are often used to improve the mechanical properties and lower the cost of polymer materials [23] , but they can also be added in small amounts as nucleating agents to improve the crystallization behavior of polymers [24] [25] [26] .
PLA has good potentialities for use in rigid packaging because of its good rigidity and mechanical resistance. However, the high brittleness can limit its use, hence several strategies have been used for improving PLA toughness, such as the blending with other polyesters, like poly(butylene adipate-co-terephthalate) (PBAT) [27] [28] [29] , behaving like elastomers. In the industrial production of rigid containers usually PLA is processed in the melt and then rapidly cooled below its glass transition temperature. As the crystallization of PLA is slow, final products (such as injection molded or blow molded containers) are essentially amorphous. The increase of temperature above PLA glass transition during the further processing steps (e.g., in the packaging of hot products) or during the use of the material, can enable cold crystallization, resulting in dimension instability and deformation of the items. In addition, an increase in brittleness and change in optical properties can be observed as consequence of crystallinity increase. Thus, the use of proper nucleating agents, allowing increasing the crystallization rate of PLA during the rapid cooling is particularly interesting on a technological point of view. Nucleated PLA results stabilized and its optical and mechanical properties are not modified as a consequence of heating in the temperature range of its glass transition [24] [25] [26] .
In the case of filling PLA bottles with a hot liquid, the use of a material having an improved mechanical resistance above the PLA glass transition can be considered. This is the case of PLA blends with polycarbonate (PC), that can also be obtained by peculiar reactive processing techniques, as explained by Phuong et al. [30, 31] and Gigante et al. [32] added cellulosic fibers to PLA/PC blends to further improve their elastic modulus and investigated models to express mechanical properties as a function of composites composition, keeping also into account the peculiar waviness of cellulosic fibers [32] . The disadvantage of PLA/PC blends is the not complete biodegradability, as PC is not biodegradable. PLA blends containing cellulose acetate are even very promising for rigid packaging and fully biodegradable depending on the cellulose acetate acetylation degree and of its content in the blend [33] . Recently, composites consisting of PLA reinforced with plasticized cellulose acetate were obtained by extrusion reporting an improvement of toughness with respect to raw PLA, while maintaining a high value of Young's Modulus [34] .
Use of plasticizers is also a good strategy to improve PLA ductility and toughness, and it is fundamental in flexible packaging formulations (Table 2 ). Plasticizers will decrease PLA glass-transition temperature (Tg) resulting in a lower stress at yield and higher elongation at break at room temperature. These conditions are required for improving flexibility of films and sheets. Acetyl Tributyl Citrate [35] , triacetine [36] and oligoethers [26] , oligo lactic esters [24] , and oligo adipic esters [36] resulted in efficient plasticizers for PLA and its blends. Interestingly, if the plasticization was carried out in the presence of poly(Butylene adipate-co-terephthalate) (PBAT) as polymeric additive, a preferential migration of the acetyl tributyl citrate in the PBAT phase was observed [36] suggesting the necessity of selecting a plasticizer on the basis of its preferential affinity with the PLA matrix. [32, 33, [38] [39] [40] As both rigid and flexible packaging is generally used for liquid or pasty cosmetic, the barrier properties of PLA-based formulations must be particularly high. Usually barrier properties can be improved thanks to the use of inorganic additives. Among the inorganic additives, layered silicates, such as montmorillonite (MMT), appear to be effective fillers to improve the overall performances of PLA system even at low concentration (1-5 wt %) [37] . However, to reach this improvement, a high degree of clay dispersion that highly depends on the adopted preparation method, and on the compatibility between the polymer matrix and the clay is needed [38, 39] . Jorda-Beneyto et al. [40, 41] used two organo-modified clays for food contact applications to produce hydrophobically-modified montmorillonite, to obtain better compatibility between the biopolymer and the filler (nanoclay). The fillers were used to reinforce PLA bottles, and the results were compared with conventional PLA bottles. The use of modified clay in PLA bottles was found to lead to an improvement in mechanical and barrier properties. Finally, cytotoxicity tests were conducted with organo-modified clays using two different cell lines but both clays showed different cytotoxicity profiles. Further studies showed different degrees of cytotoxicity or mutagenicity as a function of clay type. Non-organophilic clay (sodium clay) did not show any cytotoxicity or mutagenicity [41] .
These studies showed that nanoclays cannot be used currently in food packaging, but these nanocomposites were investigated for being used in the cosmetic field through the European FP7 BioBeauty project. In this project both tube and pot for cosmetics were prepared by extrusion and injection molding, respectively, using nanocomposites based on PLA and nanoclay. The potential hazards that may arise from the use of these PLA-based nanocomposites for cosmetic packaging applications were assessed by the study addressing the dermal toxicity of components that may migrate from PLA nanocomposites into cosmetic formulations.
An experimental approach was designed to test the biocompatibility of nanocomposites and their potential to release migration extracts that could be cytotoxic or phototoxic towards human HaCaT keratinocyte skin cells or cause skin irritation in the EpiDermTM human skin model, according to OECD TG 439. Overall findings from these studies provided valuable information showing that PLA nanocomposites developed within the BioBeauty project [42] can be used safely in the cosmetic packaging industry and meet regulatory requirements. The shelf life of cosmetic products filled in these packages have been evaluated though lipid oxidation according to the Thiobarbituric acid reactive substances (TBARS) method during the accelerated oxidation experiment and it could be observed that cosmetics remained quite stable in terms of oxidation up to day 20. From that time, the cosmetics packed in the different packaging systems underwent different degrees of oxidation over time. It seems that the short shelf life resulted in the main limit for these packagings, especially for tubes, having a minor thickness.
The durability of PLA-based packaging in the presence of a cosmetic based on water and oil can be much affected by its tendency to hydrolyze. The kinetic of hydrolysis can much influence the shelf life of packed products.
Andrzejewska et al. [43] demonstrated that water, also containing salts to mimate biological fluids, determined an increase in the mass of PLA of about 1 week because of water absorption on time lower than 1%. The properties were not much affected by the presence of water-based fluids. It was found that the material does not undergo rapid degradation in the environment corresponding to the "in vivo" conditions.
The situation seemed different in the case of water/ethanol solutions [44] . Hydrolytic degradation of poly(lactic acid) (PLA-C) and PLA-nanocomposite produced with organo-modified montmorillonite at 5 wt% (PLA-OMMT) were investigated in pure water, 50% and 95% ethanol solutions at 40 • C. The nanoclay did not affect the hydrolytic degradation but it doubled the sorption of ethanol into the film because of its access into nanoclay galleries. Hydrolysis of PLA-C and PLA-OMMT was related to the release of LA during exposure. The clay released from PLA-OMMT films during hydrolysis in 50% ethanol was 0.58% wt. at 90 days of the initial amount of nanoclay in the PLA film.
Changes in PLA-based material composition can affect the degradation behavior of PLA. Zhang et al. [45] investigated the effect of nanocrystalline cellulose (NCC) and poly(ethylene glycol) (PEG), both very hydrophilic, on the hydrolytic degradation behavior of poly(lactic acid) (PLA) bio-nanocomposites compared with that of neat PLA, under specific environmental condition, namely at 37 • C in a pH 7.4 phosphate buffer medium for a time period up to 60 days. The results showed that the presence of hydrophilic NCC and PEG significantly accelerated the hydrolytic degradation of PLA, which was related to the rapid dissolution of PEG causing easy access of water molecules to the composites and initiating fast hydrolytic chain scission of PLA. The thermal degradation temperatures of the nanocomposites slightly decreased due to the poor thermal stability of NCC in comparison with that of the neat PLA. After degradation, the thermal stability of the separated PLA from nanocomposites significantly decreased.
Despite the act that PLA-based composites can be suitable for packaging cosmetics, it is necessary to make specific tests considering the specific cosmetic composition, the required shelf life and final goals the cosmetic aims to achieve. Migration of substances from the container to the cosmetic, can in fact slightly alter its content.
Polyhydroxyalkanoates
Polyhydroxyalkanoates (PHAs) are gaining attention among biodegradable polymers due to their promising properties such as high biodegradability in different environments, not just in composting plants, and versatility. Indeed, PHAs can be formulated and processed for use in many applications, including packaging, molded goods, paper coatings, nonwoven fabrics, adhesives, films, and performance additives [46] .
PHAs polymers are naturally produced by bacteria in general cultivated biomass. They can be processed to make a variety of useful products, where their biodegradability and naturalness are quite beneficial in particular for application in single-use packaging and. Poly(3-hydroxybutyrate) (PHB) is a homopolymer of 3-hydroxybutyrate and is the most widespread and best characterized member of the PHAs family ( Figure 3 ) [47] . 
PHAs polymers are naturally produced by bacteria in general cultivated biomass. They can be processed to make a variety of useful products, where their biodegradability and naturalness are quite beneficial in particular for application in single-use packaging and. Poly(3-hydroxybutyrate) (PHB) is a homopolymer of 3-hydroxybutyrate and is the most widespread and best characterized member of the PHAs family ( Figure 3 ) [47] . This family of polymers presents interesting properties for packaging such as a low water vapor permeability comparable to Low Density Poly(ethylene) (LDPE) [48, 49] . PHB is used in bulk shrink packaging and flexible intermediate bulk containers for food packaging [50, 51] Copolymers of hydroxybutyrate and hydroxyvalerate, including poly(-hydroxybutyrate-co--hydroxyvalerate) (PHBV), have thermoplastic properties similar to polypropylene (PP), good mechanical properties and are commercially marketed [50, 51] . Thus, the presence in the chains of 3HV or 4HB co-monomers results in considerable changes in mechanical properties. The ratio of comonomer addition is directly proportional to the toughness and inversely proportional to the stiffness and tensile strength. PHAs can be used as alternatives for several traditional polymers, since they exhibit similar chemical and physical characteristics [52] .
Although PLA is produced on a higher scale and is currently less expensive than PHAs, some characteristics make PHAs more advantageous for application in contact with skin such as the lower greenhouse gas emissions [53] , the very high biocompatibility [54] .
PHAs have also an excellent biodegradability, many aerobic and anaerobic microorganisms (bacteria, cyanobacteria, and fungi) may degrade PHAs in several environments: in soil, in industrial/domestic compost, in fresh water, and in various marine ecosystems both as raw material [55, 56] than as polymeric matrix in bio-composites [57] These properties make the PHA-based materials very promising for being used in applications where environmental concern and biocompatibility are fundamental. However, there is not much work in literature about their durability and possible shelf life when used as packaging [58] , thus research on these materials is still ongoing, and the positive perspective predicts their future application as packaging even for cosmetic products.
Polysaccharides
Cellulose and starch derivatives are the most utilized polysaccharides for packaging production, and more recently even chitosan and chitin have been proposed in particular for the production of active packaging due to their anti-microbial activity. Cellulose is the most abundantly occurring natural polymer on earth. It consists of glucose monomer units that are joined together via β-1, 4 glycosidic linkages, which enable cellulose chains to form strong inter-chain hydrogen bonds (Figure This family of polymers presents interesting properties for packaging such as a low water vapor permeability comparable to Low Density Poly(ethylene) (LDPE) [48, 49] . PHB is used in bulk shrink packaging and flexible intermediate bulk containers for food packaging [50, 51] Copolymers of hydroxybutyrate and hydroxyvalerate, including poly(β-hydroxybutyrate-co-β-hydroxyvalerate) (PHBV), have thermoplastic properties similar to polypropylene (PP), good mechanical properties and are commercially marketed [50, 51] . Thus, the presence in the chains of 3HV or 4HB co-monomers results in considerable changes in mechanical properties. The ratio of co-monomer addition is directly proportional to the toughness and inversely proportional to the stiffness and tensile strength. PHAs can be used as alternatives for several traditional polymers, since they exhibit similar chemical and physical characteristics [52] .
PHAs have also an excellent biodegradability, many aerobic and anaerobic microorganisms (bacteria, cyanobacteria, and fungi) may degrade PHAs in several environments: in soil, in industrial/domestic compost, in fresh water, and in various marine ecosystems both as raw material [55, 56] than as polymeric matrix in bio-composites [57] .
These properties make the PHA-based materials very promising for being used in applications where environmental concern and biocompatibility are fundamental. However, there is not much work in literature about their durability and possible shelf life when used as packaging [58] , thus research on these materials is still ongoing, and the positive perspective predicts their future application as packaging even for cosmetic products.
Cellulose and starch derivatives are the most utilized polysaccharides for packaging production, and more recently even chitosan and chitin have been proposed in particular for the production of active packaging due to their anti-microbial activity. Cellulose is the most abundantly occurring natural polymer on earth. It consists of glucose monomer units that are joined together via β-1, 4 glycosidic linkages, which enable cellulose chains to form strong inter-chain hydrogen bonds (Figure 4 ). Raw cellulose is highly hydrophilic and consequently is not suitable for packaging of easily perishable goods, since it presents poor barrier to moisture, moreover the crystalline structure and relatively low thermal degradability makes cellulose a brittle material [59] . The most used cellulose derivatives are polysaccharides composed of linear chains of β (1-4) glycosidic units with methyl, hydroxypropyl or carboxyl substituents such as hydroxypropyl cellulose, hydroxypropyl methylcellulose, carboxymethylcellulose, or methyl cellulose. Even these materials have a low barrier to moisture [60] , and can be used for packaging just in multi layers materials or in composite materials [61] .
Starch, is a polysaccharide composed of amylose (20-30%) and amylopectin (70-80%) ( Figure 5 ), and is primarily derived from cereal grains such corn (maize) or wheat.
(a) (b) Figure 5 . Structure of (a) amylose and (b) amylopectin.
Other commonly used sources are tapioca, potato, and rice. To be processable, starch must be modified by either plasticization, blending with other materials, genetic or chemical modification, or combining different approaches [62] . Starch-based materials available on the market consist of blends of starch and other polymers, such as poly(ethylene-co-vinyl alcohol), poly(vinyl alcohol), or polycaprolactone. These starch-based thermoplastic materials have found wider industrial applications ranging from extrusion applications, injection molding, blow molding, film blowing, and foaming [63, 64] . The resistance to water or water vapor is, however, very limited because water swells the starch fraction of the blends, as observed for films prepared using wheat starch [65] . Hence the starch is partially released. Starch based packaging containers or films are thus suitable only for not hygroscopic dry products.
Chitosan is a cationic polysaccharide derived from the deacetylation of chitin and it is of animal (crustacean shells) or vegetal origin (fungal mycelium) ( Figure 6 ). Raw cellulose is highly hydrophilic and consequently is not suitable for packaging of easily perishable goods, since it presents poor barrier to moisture, moreover the crystalline structure and relatively low thermal degradability makes cellulose a brittle material [59] . The most used cellulose derivatives are polysaccharides composed of linear chains of β (1-4) glycosidic units with methyl, hydroxypropyl or carboxyl substituents such as hydroxypropyl cellulose, hydroxypropyl methylcellulose, carboxymethylcellulose, or methyl cellulose. Even these materials have a low barrier to moisture [60] , and can be used for packaging just in multi layers materials or in composite materials [61] .
Starch, is a polysaccharide composed of amylose (20-30%) and amylopectin (70-80%) ( Figure 5 ), and is primarily derived from cereal grains such corn (maize) or wheat. Raw cellulose is highly hydrophilic and consequently is not suitable for packaging of easily perishable goods, since it presents poor barrier to moisture, moreover the crystalline structure and relatively low thermal degradability makes cellulose a brittle material [59] . The most used cellulose derivatives are polysaccharides composed of linear chains of β (1-4) glycosidic units with methyl, hydroxypropyl or carboxyl substituents such as hydroxypropyl cellulose, hydroxypropyl methylcellulose, carboxymethylcellulose, or methyl cellulose. Even these materials have a low barrier to moisture [60] , and can be used for packaging just in multi layers materials or in composite materials [61] .
Chitosan is a cationic polysaccharide derived from the deacetylation of chitin and it is of animal (crustacean shells) or vegetal origin (fungal mycelium) ( Figure 6 ). Other commonly used sources are tapioca, potato, and rice. To be processable, starch must be modified by either plasticization, blending with other materials, genetic or chemical modification, or combining different approaches [62] . Starch-based materials available on the market consist of blends of starch and other polymers, such as poly(ethylene-co-vinyl alcohol), poly(vinyl alcohol), or polycaprolactone. These starch-based thermoplastic materials have found wider industrial applications ranging from extrusion applications, injection molding, blow molding, film blowing, and foaming [63, 64] . The resistance to water or water vapor is, however, very limited because water swells the starch fraction of the blends, as observed for films prepared using wheat starch [65] . Hence the starch is partially released. Starch based packaging containers or films are thus suitable only for not hygroscopic dry products.
Chitosan is a cationic polysaccharide derived from the deacetylation of chitin and it is of animal (crustacean shells) or vegetal origin (fungal mycelium) ( Figure 6 ). In general, chitosan is characterized by a lack of toxicity, biodegradability, film-forming capacity, anti-fungal and antioxidant properties, and good barrier properties of chitosan films to oxygen [66] . For these reasons, chitosan is largely used in many applications such as coatings to fruit and vegetables [67] , meat [68] , cheese [69] , and sea-food [70] . Chitosan anti-fungal properties were largely investigated alone and in combination with other antioxidants and anti-fungal substances, such as essential oils [71] . Considering these active properties, chitosan can be applied as a coating on a PLA film in order to produce flexible packaging with biodegradability and antioxidant functionalities to protect perishable products [72] . The presence of anti-microbial coatings based on natural biopolymers that can also improve cells vitality and their regeneration [73] , can suggest the possibility of transforming some general hygienic products in more sophisticated products promoting health and beauty of skin. Chitin and chitosan can be considered an optimum basis for this product, because of their anti-microbial and skin regenerative properties [74] . Moreover, an added value for the cosmetic packaging would be the capability of increasing the products' shelf-life. Even chitin nanofibrils and their derivatives, also in the presence of active molecules, were kept into account for preparing bioplastic active materials and surfaces [75] [76] [77] [78] that can have potential application in the cosmetic field [79] .
Conclusions
Cosmetic packaging is hardly collected and recycled, thus the use of sustainable compostable or environmentally biodegradable materials for cosmetic packaging is an important challenge and an opportunity for sustainability. Innovative bio-based and compostable materials are already developed and suitable for production of cosmetic packaging while others are under development with very promising properties and perspective. Consumer and policy awareness is important to support the development of sustainable cosmetic packaging, which represent an important step versus the saving of our environment.
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